Abstract. In order to study the dynamic contamination characteristics of the bar insulator surface, the particle movement in flow field, the contact and adhesion stage between particles and insulator were simulated using coupled DEM and CFD methods. The van der Waals forces and liquid bridge force of adhesion were considered while the contamination stage is visual, then established the dynamic contamination model, proposed the polluting area rate and the adhesion rate to analyze the pollution situation influenced by the particle diameter, the wind speed and the coming angle. The research result shows that in a certain period of time, the polluting area rate is linear. The follow-up nature are better when the diameter is smaller than 20μm, then they primarily deposit on the lower surface through drag forces; Particles larger than 60μm, mainly deposited on the upper surface through gravity sedimentation; with the increasing of wind speed, the adhesion rate increases linearly. When the wind speed is 10m/s, the adhesion rate reached the maximum. When the wind speed is 10 m/s and up, the adhesion rate gradually decline, and the desorption will happen more seriously. When the coming angle is about 135 degree, the adhesion rate is maximum. With the change of the coming angle, the possibilities of secondary collision is increased which will increase the pollution of the lower surface.
Introduction
The insulators are the most used devices in the power system, and they have the function of electrical insulation and mechanical connection [1] . The insulator contamination is the common phenomenon because of the long term exposure of insulators in the atmosphere; the pollutant layer will form a conductive layer in the wet environment, which can reduce the electrical strength of the external insulation and cause the contamination flashover. The contamination flashover is responsible for the majority of insulator electrical failures. [2] . In order to decrease contamination flashover, the dynamic contamination accumulating mechanism and the contamination condition of insulator surface need to be studied, which will guide the anti-pollution design, the insulator installation and the cleaning of contamination surface. Many studies have been done on the contamination of insulators. The reports [3] studied the factors on the adhesive forces between the particles and the insulator by experiments, the result shows that the adhesion relatives to the material property, roughness, and surface charge of the samples. However, there is no detailed research on the dynamic contamination accumulating progress. The composition of contaminated particles on insulator surface and the force, motion, collision and adsorption stages of particles at the insulator boundary layer were analyzed theoretically in the study [5] . But there is little research on the distribution of contamination on insulator surface, and it is not a detailed study on the fouling stage by means of simulation or experiment. The studies [6, 7] simulated the motion of particles in the outfield of the insulator using CFD method, the results show that the particle size, wind speed and coming angle are the main factors that influence the aggregation of the particles outside the insulators. But the CFD method can only be used in the flow of particles in the flow simulation, ignoring the contact, adhesion and surface adhesion energy between the particles and insulator surface, which cannot describe the deposition stage of dirty particles very well.
In order to simulate the state of natural contamination progress, this paper used the coupled DEM and CFD methods to do the simulation for the first time. Using the coupled DEM and CFD methods [8] , not only the particle shape, material properties and particle size distribution are considered, but also the influence of wind speed, electric field and gravity field in the flow stage are considered. We can considered the contact, adhesion and surface adhesion energy between the particles and insulator surface in the adhesive progress at the same time in this methods. The coupled method can make the dynamic contamination accumulating progress visualized, then we can observe the deposition stage and the pollution state of the insulators, so it is better to study the contamination characteristics of insulator.
Dynamic Contamination Model
CFD-DEM coupling method is a more comprehensive simulation of fluid particle system, the flow field is solved by CFD method, the motion, force, contact and adhesion are calculated by using DEM technique, and then the transfer of mass, momentum and energy is realized by means of a certain model.
Fluid phase model
The fluid phase model [9] is set up in the CFD calculation part, which satisfies the continuity of the fluid and the conservation of momentum. The fluid continuity equation is given:
Where air ρ is the air density; φ is the volume fraction of the air; v air is the air velocity. Momentum conservation is given by:
Where η is the air viscosity; g is the field of gravity; V is CFD grid cell volume; D F is the resistance of fluid in a grid cell.
Particle system model
The dynamic contamination stage of dirty particles on insulator surface contains three stages. The first stage is the movement of particles in the flow field, which is mainly affected by drag force, gravity, electric force etc.; the second stage is the contact and adhesion of the particles to the insulator surface which is mainly the result of the action of capillary force, van der Waals force, electrostatic force and contact force between particles and surface; the last stage is the particles removal by the wind. According to previous studies, the wind cannot remove the adhered particles effectively, and we can calculate the critical wind speed that will remove the adhered particles is 30.8m/s, so we will not simulate this stage. In the stage of dynamic contamination of insulator, the mathematical model of particle system in the dynamic contamination stage was established, which was used to study the characteristics of insulator contamination.
Particle movement model
Particles move in the flow field outside the insulator, the drag force is the main factor in horizontal direction, then we use the free flow resistance model to describe the drag:
Where p A is the projected area of the particle; D C is the drag coefficient which is dependent on the local Reynolds Re [10] . Particles in the vertical direction mainly affected by gravity and fluid drag force [11] :
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Contact and adhesion model
This paper used the Hertz-Mindlin with JKR Cohesion model [12] to simulate the contact and adhesion between particles and insulator surface. The influence of viscosity factors is introduced into the contact problem, and the effect of van der Waals force in the contact area is considered; When the particles are in contact with the insulator, the insulator is regarded as an infinite particle; at the same time, normal force depends on the contact radius α , interaction parameters and surface energy γ of the particles as follows:
Where P R is the equivalent radius of the contact sphere;  E is the equivalent Young's modulus;
ν is the Young's modulus and Poisson's ratio, respectively.
The tangential force depends on the tangential overlap and tangential stiffness, and is restricted by the Coulomb friction:
Where τ S is the tangential stiffness; δτ is the tangential overlap;  G is the equivalent shear modulus; s μ is the static friction coefficient.
The adhesion model uses the JKR theory to provide the attract cohesion taking the surface energy into account, even if the particles and the surface is not in direct contact, there is a non-zero cohesion between the particles and the surface of the maximum gap: 
Where δc is critical negative overlap; α c is the critical contact radius; F P-I is the Maximum adhesive force between particles and insulator.
Define evaluation parameters
In this paper, we put forward a comprehensive evaluation of the contamination characteristics of insulator surface by using the polluted area ratio and the adhesion rate. Through the polluted area ratio we can infer that the variation and the distribution of the polluted surface, defining the polluted area ratio by:
Where w S is the polluted area; S is the total insulator surface area. The adhesion rate is the number of dirty particles adhered to the surface per second; which can directly express the speed of the adhesion of particles on the insulator surface, and reflects the unique features of the DEM-CFD coupling method.
Simulation and result analysis

Computing initialization
In this paper, there are four piece of the bar-shaped insulator which was chosen to realize the simulation as shown in Fig.1 .As we know, the diameter of the dirty particles varies from 1μm to 100μm in most areas and the report shows that the material of most particles is Calcium sulphate [13] which was used in this paper. The CFD simulation parameters were shown in Table 1 , and the EDEM model was then coupled with CFD and run as a transient simulation. The relevant DEM input parameters can be found in Table 2 . Table 2 . Summary of DEM input parameters. 
Analysis of the pollution distribution
The pollution distribution on the insulator surface is shown in Fig.2 and Fig.3 using the DEM-CFD coupling method to carry out the simulation of the insulator dynamic contamination. The result shows that the insulator surface has obvious adhesion, which also indicates that the DEM-CFD coupling method is better than the simple CFD method because of the visualization of particle adhesion, which is more effective to guide the insulator surface contamination cleaning. Fig.2 shows, in the horizontal wind speed, the contamination at the windward surface is more serious than that at the crosswind surface, and the leeward surface has least pollution. The contamination mainly concentrated on transition region of upper surface and bar surface, an umbrella skirt edge region and lower groove surface region at the windward surface. From Fig.3 , it can be observed that the volume fraction of particles of the polluted insulator is significantly higher than that of the surrounding environment.
Effect of particle diameter on contamination characteristics
Particle diameter is an important factor of insulator contamination, which will affect the distribution of surface seriously. In this paper, the particle diameter ranging from 10μm to 100μm were simulated and analyzed at the horizontal wind speed 8m/s. The flow around cylinder phenomenon will happen when the horizontal wind flow through the insulator, which will change the wind speed and produce a vertical component as shown in Fig.4 and Fig.5 , resulting in a relative velocity between particles and fluid, which will cause a drag force affecting the trace of particles. The velocity distribution of particles in computational domain can be seen in Fig.4 , from which we can observed that the particles velocity rang. The particles of 0m/s are the adhered particles, the other particle velocities are around the wind speed, and then we can get the total adhered particle number and the relative velocity between particles and fluid from which we calculated the resultant force (see Fig.6 ) in the vertical direction of the particles using the Eq.6, Eq.7, and Eq.8. Fig.6 shows that F y becomes downward, the change amplitude increases and gravity sedimentation begins to play a major role with the increase of particle diameter in the lower region. Also it can be seen F y changes the direction into a vertical upward for the same size of the particles with the increase of wind speed, then the drag force plays a major role in the particle trace. So the pollution distribution varies with different particle sizes as shown in Fig.7 .
From Fig.7 , it can be seen that the polluted area ratio increased linearly in a certain period of time; and the polluted area ratio increased with the increasing of particle diameter because of the volume increasing at the same time. The polluted area ratio of the lower surface was greater than that of the upper surface, therefore the lower surface was polluted more serious because of the drag force when the particle diameter is smaller than 20μm; it has the opposite rule because of the gravity sedimentation when the particle diameter is larger than 40μm.
Effect of wind on contamination characteristics
The magnitude and direction of the local wind differ with the changes of the region. In the plain area, there always has the horizontal wind, however in a region of intense change in altitude such as mountainous and hilly areas, there will be a coming angle between wind and insulator axis as shown in Fig.1 .
The initial velocity and the incidence angle of the collision between the particles and the insulator which are determined by the wind determine the adhesion and desorption condition between particles and insulator seriously. Studying the effect of wind on the contamination characteristics should reduce the gravity effect as far as possible, so we choose 20 micron particles as the research object, and then did the simulation at the horizontal wind speed 2, 4, 6, 8, 10, 12, 14, 16 and 20m/s to study the magnitude of the wind speed working on the contamination respectively, meanwhile we did the simulation with the coming angle ranging from 0°~180° at the wind speed 8m/s to study the coming angle working on the contamination on insulator. Thus getting the total number of adhered particles in a certain time on the insulator surface is shown in Fig.8 and Fig.9 , the adhesion rate at different wind and coming angle is shown in Fig.10 and Fig.11 . . The change of the adhered particle number in different coming angle. Figure 11 . The relationship between adhesion rate and coming angle α. Fig.8 and Fig.9 show that in a certain period of time, the number of adhered particles on the insulator increases linearly with time, which is agreement with the experimental results of the literature [14] It can be seen that the adhered particle number differs from different wind, and we can get the adhesion rate at different win speed and coming angle as shown in Fig.10 and Fig.11 .
From Fig.10 , it can be known that the adhesion rate increases linearly, rises to the maximum at 10m/s, and then decreases gradually when the concentration of pollutants in the air reaches a certain value, because the total number of particles going through the upwind cross section increases linearly with the increase of the horizontal wind speed, then the number of adhered particles increases linearly per unit time at the lower wind speed range, while the adhesion rate begins to decrease at the higher horizontal wind range which is greater than 10m/s due to the increasing initial velocity of contact collision between particles and insulator with the increase of the wind speed. When the initial incidence velocity of particles is greater than the critical velocity, then the particles rebound to desorb after the contact and collision with the insulator, although the number of particles passing through the insulator section increases, the probability of desorption is greater than that of the particle adhesion, and the adhesion rate of particles is decreased. Fig.11 shows the adhesion rate of particles is in a low level when the coming angle is less than 30° and more than 150°; On the one hand, due to the positive collision or small incidence angle collision between particles and surface, the normal incidence initial velocity increased resulting in the desorption; On the other hand, because of the small angle between the wind speed and the insulator axis is, the surface to accept particle adhesion of the cross section is reduced, the number of particles in contact with the insulator cross section is small in unit time, and then the adhesion rate is reduced. When the coming angle is 135°, the insulator has the maximum of the adhesion rate, this is due to the big incidence angle between particles and the bottom surface leading to the smaller normal incidence initial velocity, then the adhesion of particles is serious, and the pollution rate increases.
Conclusions
(1) DEM-CFD coupling method can simulate the three stages of particle movement, particle contact and adhesion, and being removed by the wind at the same time, taking into account the van der Waals force and liquid bridge force on contact and adhesion stage, making the dynamic contamination more close to the natural contamination.
(2) The polluted area ratio and the total number of adhered particles increase linearly with time on the bar insulator in a certain period of time.
(3) The contamination mainly concentrates on transition region of upper surface and bar surface, an umbrella skirt edge region and lower groove surface region at the windward surface. The follow-up nature are better when the diameter is below 20μm, then they primarily deposit on the lower surface through drag forces; Particles over 60μm, mainly deposited on the upper surface through gravity sedimentation; the distribution of particle diameter on the insulator increases from the lower surface, the bar surface to the upper surface.
(4) When the wind speed is about 10m/s, the adhesion rate reaches the maximum. When the wind speed is less than 10m/s, the adhesion rate increases linearly with the increase of the horizontal wind speed. When the wind speed is greater than 10m/s, the greater the wind speed is, the higher the initial velocity of the contact between particles and insulator will be, the smaller the adhesion rate will be and the more likely for particle to be dislodged from the surface.
(5) The adhesion rate reaches the maximum when the coming angle is 135°, and the adhesion rate is lower when the coming angle is less than 30° or greater than 150°. The possibility of secondary collision between particles and lower surface is higher than that between particles and the upper surface which will increase the contamination on the lower surface seriously in different coming angles.
